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Summary 

E. coli CF proteln confers on promoters containing its 
recognition sequence the ability to be acthmted tim 
distant DNA sites. It8 functional domains include two 
leucine zipper motifs, an acidic region, and a gluta- 
mine-rich domain. Several domalns were disrupted 
and the assembly of mutant transccrlptlon complexes 
wao probed in viva by footprlntlng. Promoter recogni- 
tion was seen to depend on a C-terminal region con- 
taining a prokaryotic helix-turn-helix motif. Within the 
resutting stable clo6ed complex, two Ieucine zipper 
motifs assist in positioning the o” polymerase near 
the DNA region that must be melted upon activation. 
Rnatly, DNA opening depends on the ulw acid domain. 
The uncoupling of promoter mcognition from DNA 
meltlng, medlated by the unusual domain structure of 
this prokryotic protein, may be responsible for ~9% 
ablllty to mediate activation from distant sites. 

Introduction 

The glnAp2 promoter was the first prokaryotic promoter 
shown to contain upstream regulatory elements that could 
be moved more than a kilobase away and still mediate 
transcriptional activation (Reitzer and Magasanik, 1986). 
The upstream enhancer-l ike elements are the binding 
sites for the NR, activator protein (NtrC), which is acti- 
vated by phosphorylation in response to low nitrogen lev- 
els (Ninfa and Magasanik, 1986; Keener and Kustu, 1988). 
Phosphorylated NRI normally acts from ~100 bp up 
stream of the transcription start site to activate a prebound 
but inactive RNA polymerase. This activation causes the 
polymerase to melt the promoter DNA at the transcrip- 
tional start site both in vitro and in vivo in what has been 
determined to be the slow step in transcriptional activation 
(Sasse-Dwight and Gralla, 1988; Popham et al., 1989). 
The polymerase holoenzyme contains 654, a relatively 
minor c  factor, rather than the normal c70 factor. This 
Eas holoenzyme (the complex containing 6% and core 
RNA polymerase) serves as the receptor protein complex 
for receipt of the melting signal from the remotely bound 
activator protein. 

Although cr54 is a rare protein, it is the required receptor 
protein in the only known examples where activator ele- 
ments can be moved far from bacterial promoters in Esch- 
erichia coli and retain their function (Reitzer and Magasa- 
nik, 1986; Birkmann and Bock, 1989; Gralla, 1989a). The 
activators involved in those E. coli @-dependent pro- 
moters that have been studied, glnAp2 and MI?, are genet- 
ically and physiologically distinct (Birkmann et al., 1987). 

Thus, it appears to be the common involvement of us4 
that allows these promoters to be activated from different 
distant sites by different proteins. c54 thus appears to 
mediate a eukaryotic-type phenomenon in a prokaryotic 
organism. 

Below, the sequence of the E. coli c54 gene is deter- 
mined and compared with its analogs from three different 
nitrogen-fixing bacteria (Merrick and Gibbins, 1985; Mer- 
rick et al., 1987; Ronson et al., 1987). This reveals con- 
sewed motifs of the type more commonly associated with 
eukaryotic transcription factors. These include two leu- 
tine zipper motifs (Landshulz et al., 1988; Vinson et al., 
1989) a strongly acidic region (Giniger and Ptashne, 1987; 
Hope et al., 1988; Brendel and Karlin, 1989) and a 
glutamine-rich region (see Courey and Tjian, 1988). Pairs 
of eukaryotic leucine zippers are required for transcription 
and have been shown to cooperate to form a DNA binding 
domain through a coiled-coil helical structure (O’Shea et 
al., 1989a, 1989b; Sorger and Nelson, 1989). Glutamine- 
rich and acidic regions function as activation domains in 
certain eukaryotic factors. The mechanism by which they 
activate transcription is not known. 

Thus, c54 mediates a eukaryotic-type phenomenon in 
E. coli and contains domains more characteristic of eu- 
karyotic than prokaryotic transcription factors. The protein 
actually appears to resemble a hybrid factor since it also 
contains potential helix-turn-helix (HTH) domains (Merrick 
and Gibbins, 1985; Merrick et al., 1987) that are well 
known to mediate DNA binding in bacteria and, in modi- 
fied forms, in higher cells. Below we take advantage of 
bacterial genetics to introduce deletions into several of 
these domains and study the altered proteins in cells lack- 
ing the wild-type 054. In vivo footprinting is used to study 
the resulting defective transcription complexes along the 
chromosomal glnAp2 promoter. The results lead to pro- 
posals for the functions of several of the critical domains 
in enhancer-dependent activation in E. coli. 

Result8 

CS~ Contains Domains Similar to Eukaryotic 
Transcription Factors 
The E. coli @  gene (rpoN, g/M) from plasmid pTH7 (Hunt 
and Magasanik, 1985) was sequenced (see Figure 8) and 
the resulting amino acid sequence was compared with the 
previously determined c54 amino acid sequences from 
other bacteria (Merrick and Gibbins, 1985; Merrick et al., 
1987; Ronson et al., 1987). The sequences are on average 
25% identical (42% conserved). The areas of strongest 
sequence conservation are those previously termed re- 
gion I and region III (Merrick et al., 1987) (see Figure 1). 
The 6% proteins are not similar to the main family of bac- 
terial o factors, however, which includes the major E. coli 
o factor c70 (Merrick et al., 1987). 

Interestingly, several of the conserved regions are simi- 
lar in sequence composition and periodicity to domains 
known to be important for eukaryotic transcription factors. 
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Figure 1. Schematic Diagram of the 0% Protein Illustrating the General Regions of Conservation (I-III) and Its Conserved Motifs 
The actual sequences of the twc conserved heptad hydrophobic repeats found in the E. coli 05( protein (marked above regions I and Ill) and their 
comparison to the homologous o54 sequences from three different bacteria and to eukaryotic proteins (reviewed by Busch and Sassone-Corsi, 
1990) are shown below the schematic diagram. In these comparisons, the residues involved in the hydrophobic heptad repeat are boxed. In addition 
to the hydrophobic heptad repeats, the glutamine-rich sequences and the two potential HTH motifs predicted based on other as sequences are 
indicated by bars on the schematic diagram. The acidic region, composed of four subregions, is also illustrated. The dark stippling of regions I and 
Ill compared with region II indicate higher overall conservation of amino acid sequence. 

Figure 1 shows the sequences of two potential leucine zip- 
per repeats in 6% in comparison to other members of the 
ati family and to eukaryotic proteins. The region III hy- 
drophobic heptad is conserved among the bacterial spe- 
cies and most resembles yeast GCN4 (36% identity). In 
addition, it contains part of a highly acidic domain that be- 
gins within region II. Although this domain is poorly con- 
served in sequence, it is much more conserved with re- 
spect to acidity, giving the entire acidic domain of the 
E. coli protein a total net charge of -37. In contrast to re- 
gion Ill, the conserved region I repeat most resembles the 
glutamine-rich leucine zipper of N-Myc (39% identity). 
The glutamines make up 25% of the residues in this re- 
gion as was also found for the glutamine-rich sequences 
in human Spl (Courey and Tjian, 1988; Courey et al., 
1989). The C-terminus of $4 is also moderately conserved 
and contains various HTH motifs (see Figure 1) (Merrick 
et al., 1987). 

The initial strategy in characterizing these various do- 
mains was to take advantage of genetic screens to isolate 
mutants that express altered forms of CP in cells lacking 
the wild-type protein. The E. coli o54 gene was carried on 
the plasmid pTH7, a derivative of pBR322, under the con- 
trol of the tat promoter (Hunt and Magasanik, 1985). Muta- 
tions were constructed either by using nuclease Bal31 to 
delete from a unique restriction site within a domain or via 
oligonucleotide-directed deletion mutagenesis. The pTH7 
mutant DNA library containing small deletions was then 
transformed into a strain unable to produce 054 from its 

chromosome. The resulting colonies were subjected to 
two genetic screens to identify expressed mutants that 
were nonfunctional with respect to their ability to support 
expression of the g/nALG promoter. 

The first of the two screens ensures that the mutant pro- 
tein is expressed from the vector and is functional with re- 
spect to at least one criterion. When the wild-type a54 
protein is overexpressed due to induction with IFIG, 
growth of the cells is severely inhibited, resulting in tiny 
colonies. This was observed previously upon overexpres- 
sion of the Bacillus subtilus SpollAC a factor and was sug- 
gested to be due to competition of this protein with other 
o factors for core RNA polymerase (Yudkin, 1987). What- 
ever the cause of toxicity upon overexpression, it serves 
as a convenient phenotype for assaying the functional sta- 
bility of the 054 protein; as with the wild-type protein, only 
those mutant proteins that are actually expressed within 
the cell are able to cause toxicity upon IPTG induction. 

The colonies containing proteins that were expressed 
by the above criterion were then screened for their ability 
to activate the glnAp2 promoter. This involved plating 
(without high IPl’G)  the mutants on W-Arg medium, a mini- 
mal medium on which g/nALG expression and therefore 
functionally wild-type a54 is required for growth. Non- 
growing strains that carried defective forms of o54 were 
picked from replica plates on rich media, and their plas- 
mids were isolated and sequenced within the region tar- 
geted for mutagenesis. 

Following DNA sequencing of the mutant plasmids the 
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Figure 2. Probing Region I Mutant Transcription Complexes In Vivo 
The autoradiograph shows DMS (lanes l-3) and KMnO, (lanes 4-5) 
patterns at the glnAp2 promoter region in vivo. Lanes 1 and 4, control 
in which no plasmid DNA, and therefore no aM protein, is present in 
the cell; lanes 2 and 5, the mutant plasmid Sal55 (residues 19-31 
deleted) is present in the cell as the only source of oy; lanes 3 and 
6, the wild-type pTH7 plasmid DNA present in the cell. The -12 and 
-24 regions and the -19 band are marked with arrows for the DMS 
samples (lanes l-3) and the -3 to +l region is marked with a bracket 
for the KMnO, samples (lanes 4-5). 

functional defect associated with the mutant 0% proteins 
was determined in vivo by use of primer extension foot- 
printing (@alla, 1985). There are two complexes that can 
be assayed by this method. Recall that under nonactivat- 
ing conditions 054 associates with core RNA polymerase 
and directs assembly of an inactive, closed complex 
covering the g/nA transcription startsite. This complex can 
be detected by protection from dimethylsulfate (DMS) at- 
tack of critical guanines within the -12 and -24 regions 
of the promoter (Sasse-Dwight and Gralla, 1988; Popham 
et al., 1989). Additionally, the ability of the polymerase to 
respond to activation by melting the DNA can be assayed 
by testing for potassium permanganate (KMn04) sensitiv- 
ity of the region around the startpoint (SasssDwight and 
Gralla, 1988, 1989). Both of these in vivo assays were pre- 
viously established using wild-type 6% (SasssDwight 
and Gralla, 1988), and the results obtained agreed well 
with in vitro conclusions (Ninfa et al., 1987; Popham et al., 
1989). The procedure used in these experiments requires 
a slight modification of the original extension protocol, 
since the promoter is probed on chromosomal rather than 
plasmid DNA. We therefore used a modification of the 

polymerase chain reaction (PCR) to amplify and clarify 
the signal (see Experimental Procedures; Axelrod and 
Majors, 1989). 

The Hepted Hydrophobic Repeets Are Both 
Required for Acthmtion 
Nuclease Bal31 was used to delete from the unique Sall 
restriction site (amino acid 28) which interrupts the leu- 
tine-rich hydrophobic heptad repeat of region 1. Following 
transformation of the mutant plasmids into a host strain 
lacking wild-type @, only 2 colonies out of 64 tested were 
found to express phenotypically stable @ proteins that 
were unable to induce the g/nALG operon in the cell. These 
mutants (Sal57 and Sal58) carried in-frame deletions of 
amino acids 26-31 and 18-31, which remove over one- 
half of the region involved in the leucine heptad repeat. 

These two mutants were assayed in vivo for their ability 
to open the promoter DNA and expose the transcription 
start point. Lanes 4-8 of Figure 2 show the pattern ob- 
tained when potassium permanganate is used to modify 
the chromosomal promoter DNA in vivo. The drug rifampi- 
tin was added to the cells for 5 min prior to addition of 
KMnO,+ to trap any open complexes that might form 
(SasssDwight and Gralla, 1988). When wild-type o% is 
expressed, the bands from -3 to +l are strongly hyper- 
reactive to attack, as evidenced by the strong perman- 
ganate sensitivity of the chromosomal signal in lane 6. In 
contrast, when the Sal58 region I deletion mutant is in- 
stead present in the cell, the low reactivity at the transcrip- 
tional start site is almost identical (lane 5) to that seen 
when 0% is completely absent (lane 4). That is, no DNA 
open promoter complexes are observed. An identical pat- 
tern was observed for the Sal57 mutant (data not shown). 
Thus, the mutant E@ transcription complexes are not 
able to melt the promoter DNA under activating conditions 
in vivo. 

This inability to form an open complex in vivo could be 
due to any number of defects, including an inability of the 
mutant protein to associate with the promoter in a closed 
complex. This can be tested by probing for protection of 
the -12 and -24 promoter regions with DMS. It was 
shown previously that protection of these two critical pro- 
moter regions requires 654 and occurs in both closed and 
open complexes (SassaDwight and Gralla, 1988). 

The results of using DMS to footprint chromosomal 
glnAp2 mutant transcription complexes are also shown in 
Figure 2. As controls on the PCR-modified technique, 
lanes 1 and 3 show the DMS patterns obtained when the 
promoter is probed in the absence of 6% (no plasmid 
DNA present) or the presence of wild-type 1~54, respec- 
tively. As observed previously on plasmid DNA (Sasse- 
Dwight and Gralla, 1986), when crM is absent the bands 
at both the -12 and -24 regions (marked by arrows) are 
approximately equal in intensity to one another and to the 
-19 band (lane 1). However, when uM is present these 

two bands are both much lower in intensity than the -19 
band due to protection of the -12 and -24 transcription 
elements (lane 3). 

The in vivo footprinting results obtained for the Sal58 
mutant using DMS (lane 2) shows that the mutant as4 
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Figure 3. Probing Region III Mutant Complexes In Vivo 
The autoradiograph shows DMS (lanes l-4) and KMnO, (lanes 5-7) 
patterns obtained in vivo at the g/nApP downstream promoter region 
in the absence of any 6% in the cell (lane 2) and the presence of ei- 
ther wild-type (lanes 1 and 5) or region Ill deletion mutant aS proteins 
(lanes 3, 4, 6, 7) in the cell. Lanes 3 and 6, in vivo patterns obtained 
when the mutant plaamid Af12 (residues 174-199 deleted) is present in 
the cell. Lanes 4 and 7, In vtvo patterns obtained when the mutant plas- 
mid Aft7 (residues 179-193 deleted) is present in the cell. The -12 and 
-24 regions as well as the -19 band are marked by arrows for the 
DMS samples, and the -3 to +l region is bracketed for the KMn04 
samples. 

polymerase does  indeed occupy the promoter DNA inside 
the cell. This is ev idenced by  the strong protection of the 
band  marking the promoter -24 element. Specifically, 
this band  is much lower in intensity than the reference 
band  at -19, just as  was observed for the wild-type pro- 
tein. Repeated experiments indicated that al though the 
mutant holoenzymes cannot  melt and  activate the DNA, 
they bind tightly to it in vivo, as  ev idenced by  -24 pro- 
tection. 

The  mutant transcription complexes, however,  do  differ 
from wild-type in one  interesting respect. The  experiment 
shows that the mutant Sal58 fails to protect the promoter 
-12 region band  that lies just adjacent to the region to be  
melted ( lane 2). Unlike in the wild-type control ( lane 3) this 
band  is equal  in intensity to the band  at -19, as  observed 
when 6 %  was absent  from the cell ( lane 1). Because pro- 
tection was seen at -24, the overall pattern for Sal58 ( lane 
2) and  Sal57 (data not shown)  is unlike the pattern ob-  
tained either in the presence ( lane 3) or absence ( lane 1) 
of wild-type protein and  indicates that the mutant protein 
binds only to -24 and  not to -12. 

The  above  results demonstrate that the leucine repeat 
domain of region I is not required for 054  to bind to the 
promoter DNA in vivo, as  ev idenced by  complete protec- 
tion of the -24 region, but is required for contacts to form 
at -12. Thus,  the mutant Ea” complex is able to form a  
complex at the promoter,  but this is defective, as  evi- 
denced by  an  inability to make contacts near  the transcrip- 
tional start site. The  defective yet bound  transcription 
complex cannot  melt and  activate the promoter.  

Next, we introduced deletions at the Aflll site (amino 
acid 180)  which falls within the second potential leucine 
zipper domain in region Ill. Following transformation of the 
mutant plasmid DNA library and  screening, 16  out of 47  
colonies screened as  expressed but defective. Sequenc-  
ing revealed deletions between residues 164  and  191,  with 
the shortest removing residues 175-180 and  178-183.  
Several of these region Ill mutants were then probed as  
above  for interactions with the promoter.  As seen for the 
region I mutants, these mutants fail to melt the promoter 
DNA, as  ev idenced by  low KMnO., reactivity (compare 
lanes 6  and  7  of Figure 3  with the wild-type control, lane 
5) and  consistent with their lack of function. Also, like their 
counterparts in region I, each  of the region Ill mutants 
forms a  stable c losed complex that fails to protect the pro- 
moter -12 region in vivo (examples of these patterns are 
shown in lanes 3  and  4  of Figure 3). Specifically, the band  
at -24, but not at -12, is much lower in intensity than the 
-19 reference band  for each  of these mutants. Thus,  mu- 
tations eliminating a  port ion of the hydrophobic repeat in 
region III result in mutant transcription complexes that 
bind the promoter DNA at -24 but do  not contact the -12 
region, just as  was observed for the region I heptad dele- 
tion mutants. 

The  above  data show that both of the potential leucine 
zipper domains are specifically required for contacts to 
form at the -12 region of the glnAp2 promoter.  This sug-  
gests that the two domains cooperate to induce formation 
of the structure that contacts the -12 region DNA. Based 
on  studies showing that two leucine zipper motifs can 
cooperate to form a  DNA binding domain by  dimerizing 
into a  coiled-coil structure (O’Shea et al., 1989b;  Vinson 
et al., 1989)  we infer that these two 0 %  domains likely in- 
teract with one  another  to form such a  structure. This in- 
tramolecular form of the leucine zipper protects the DNA 
element just adjacent to the region that must be  melted for 
promoter activation to occur. The  data show that when this 
structure is not posit ioned over  the -12 region due  to a  
mutation in @, the promoter cannot  be  melted. Thus,  
the two hydrophobic heptad repeat domains appear  to 
cooperate to form a  structure that posit ions the activation 
domain. 

The C-Terminal Region Helps Bring EC+ 
to the Promoter 
These data show that the leucine zipper domains are not 
required to bring the 054  polymerase to the DNA as evi- 
denced by  full protection of the promoter -24 region when 
either heptad repeat is mutated. A likely candidate for 
promoter recognit ion and  binding is the HTH region (re- 
v iewed in Brennan and  Matthews, 1989).  Deletions were 
constructed to over lap the most C-terminal HTH motif 
(centered at posit ion 393;  Merrick and  Gibbins, 1985)  as  
well as  a  nearby alternative HTH motif. Following transfor- 
mation with the mutant DNA library, several colonies were 
obtained that exhibited toxicity upon  overexpression of 
a54  and  were specifically deficient in expression of the 
g/nALG operon.  Among these were two that ex tended only 
into the C-terminal HTH motif, indicating that this region 
is required for expression of the g/nALG operon.  In vivo 
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Figure 4. Probing Helix-Turn-Helix Mutant Complexes In Vivo 
Lane 1, in vitro DMS pattern along naked DNA; lanes 2 and 4. in vivo 
DMS pattern obtained when wild-type oM (pTH7) is present in the cell; 
lanes 3 and 5, in vivo DMS patterns obtained when the Hindlll mutant 
deletion plasmid A24 (residues 394-422 deleted) is present in the cell. 
The bands In regions -12 and -24 are marked with arrows as well as 
the band at -tQ, which serves as a reference for the DMS samples. 
In addition, the bands from -3 to +l are marked for the KMnO., 
samples. 

footprinting with KMn04 demonstrated that none of these 
mutants was able to melt the promoter as judged by lack 
of hypersensitivity at the transcriptional start site (see Fig- 
ure 4, lane 5, for an example of the KMn04 pattern ob- 
tained for these mutants). 

We next probed with DMS in vivo to learn whether the 
cause of this loss of activity was an inability of the 054 
polymerase to associate with the DNA. A typical example 
of such an HTH region deletion mutant pattern is illus- 
trated in Figure 4, lane 3. The bands at both the -12 and 
-24 regions remain approximately equal in intensity to 
one another and to the -19 band for each of the mutants, 
resembling the in vitro pattern in which no a54 is present 
(lane 1). Recall that each of the mutant proteins is func- 
tional with respect to its ability to induce toxicity and is 
therefore expressed in the cell. The result differs from ei- 
ther of the leucine zipper mutants where -24 region con- 
tacts were fully protected and mediated full promoter oc- 
cupancy even without -12 binding. The additional loss of 
the -24 region contacts by the C-terminal deletions sug- 
gests that the HTH helps bring the polymerase to the DNA 
through contacts involving the -24 region. 

Partial Deletion of the Acidic Residues 
Speclflcally Affects Melting 
Region II contains a cluster of acidic residues arranged in 
four contiguous subregions conferring a net charge of 
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Figure 5. In Vivo DMS and KMnO., Patterns Obtained for the Acid De- 
letion Mutant 
In viva DMS, lanes 1-4; in vivo KMnO,, lanes 5-S. Residues 51-77 
were deleted from the acid deletion mutant. Lanes 2 and 5, in viva pat- 
terns obtained when the wild-type @ protein is expressed in the cell. 
Lanes 1 and 5. in vivo patterns obtained when no aM Is present in the 
cell. Lanes 3 and 7, in vivo patterns obtained when the aqid deletion 
mutant AcdelQ is present in the cell. Lanes 4 and 8 show the patterns 
obtained for an identical mutant, AcdellO. The -12 and -24 regions 
are marked with an arrow for the DMS lanes. In add&m, the bands 
from -3 to +l and the reference band, R (see text), are marked next 
to the permanganate samples. 

-37 to the region as a whole (see Figure 1). Starting from 
the C-terminal side, the first subregion overlaps a portion 
of the leucine zipper in region Ill. (The small region Ill de- 
letions did not significantly reduce the net charge of this 
subregion.) The next area represents a long subregion of 
lower average acidity followed by two subregions where 
the acidic residues are arranged in trimer repeats invofv- 
ing six residues each. As a result of its large size and over- 
lap with critical leucine zipper residues, it was not desir- 
able to delete this entire region. Instead, the trimer repeat 
subregions (amino acids 51-77) were deleted using oligo- 
nucleotide-directed mutagenesis, and two identical clones 
were tested for their phenotypes. These partial acid dele- 
tions still exhibited toxicity upon IPlG induction, indicating 
that they were expressed, and in contrast to the mutants 
described above, grew on arginine plates, indicating that 
054 function was at least residually intact. However, when 
these mutants were transformed into a reconstructed 
g/r&IacZ fusion strain deficient in 1~54, they produced a 
minimum of four times less 6galactosidase than wild-type 
transformants (unpublished data). 

To determine whether the partial acid deletion mutant 
could melt the DNA to the same extent as wild-type, the 
mutants were probed with permanganate in vivo (Figure 
5). The open complex signal for both of the separately iso- 
lated identical acid deletion mutants (lanes 7 and 8) is 
much lower than that observed for the wild-type 6% (lane 
6). To correct for variations in the KMn04 reactivity be- 
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tween samples we compared the ratio of the intensity of 
the open complex signal to the intensity of a reference 
band, marked R, for each of the samples. This ratio is at 
least five times less for the acid deletion mutants com- 
pared with the wild-type. Thus, partial deletion of the 
acidic region results in a complex that can melt the DNA 
only partially. 

As with the mutants in other regions, the inability to melt 
the DNA to the same extent as wild-type could be due to 
defective binding at the -12 or -24 region of the pro- 
moter, which can be tested with DMS probing. Lanes 3 
and 4 of Figure 5 represent the results for the two identical 
acid deletion mutants. The pattern observed appears to 
be identical to the pattern obtained for the wild-type Eo54 
complex (lane 2); that is, the bands at -24 and -12 are 
much lower in intensity than the reference band at -19. 
This is not the case when no crM is present in the ceil 
(lane l), where the -24 and -12 bands are prominent in 
the pattern. Thus, the acid deletion mutants occupy the 
promoter DNA in the cell, demonstrating that the cause of 
the 5- to Woid loss of melting is not 5- or lo-fold less tran- 
scription complex formation. Rather, the acid region ap- 
pears to act as a pure melting domain since its disruption 
interferes with DNA melting by a fully formed closed pro- 
moter complex. 

Dlecueelon 

These experiments employed chemical probing of tran- 
scription complexes formed with mutant @ proteins in 
vivo to explore the roles of protein domains. These include 
two potential ieucine zipper motifs, a highly acidic region, 
and an HTH motif. Each of these domains is shown to be 
required at a specific step for 0% to induce DNA melting 
at the transcriptional start site in response to an activation 
signal from the NR, (NtrC) enhancer. 

Promoter Recognltlon and Blndlng 
The E. coli 054 protein must interact with two proteins 
(core RNA polymerase and NR, phosphate) and the 
glnAp2 promoter DNA in the process of activation. Bind- 
ing to core RNA polymerase occurs first, as in vitro data 
indicate that us4 cannot bind promoter DNA in the ab- 
sence of core (Ninfa et al., 1987). Once this holoenzyme 
forms, it must recognize and form a closed complex at the 
promoter (Ninfa et al., 1987; Sasse-Dwight and Graila, 

Figure 6. Schematic Diagram of the Region I 
and Region III Hydrophobic Heptad Repeats 
Arranged in a Coiled-Coil Leucine Zipper 
Structure 
Two potential activating surfaces that appear 
when such a structure is modeled are marked 
on their respective zipper halvsr. The gluta- 
mine residues, which form one potential ac- 
tivating surface, are boxed, and the acidic 
residues, which appear as an activating sur- 
face on the other zipper half, are circled. 

1988; Popham et al., 1989). The above experiments indi- 
cate that deletion within the C-terminal region containing 
an HTH motif abolishes binding of the Eaw complex to 
the promoter. This is in contrast to leucine zipper mutants, 
which retain full protection of the -24 region although the 
-12 region contacts are lost. Thus, the region carrying the 
HTH motif helps bring the E@ transcription complex to 
the promoter, probably using -24 region contacts. Other 
regions could conceivably help with this, including a 
nearby moderately basic region. 

Actlvatlon Involving Two Leuclne Zippers 
and an Acldlc Region 
After Ea” forms a closed complex with the promoter it 
must be prepared to receive an activation signal from the 
phosphorylated enhancer protein NRr bound upstream. 
Inactivation of either of the two separated leucine zippers 
does not prevent the closed complex from forming, as 
judged by full protection of the -24 region, but blocks it 
from contacting the -12 element and melting the DNA in 
response to the NRI signal. Since the lost -12 contacts 
mark the beginning of the region that is normally melted, 
it seems that the two regions cooperate to form a structure 
that positions the melting domain. 

By analogy to studies of other leucine zipper motifs 
(O’Shea et al., 1989a, 1989b; Sorger and Nelson, 1989; 
Vinson et al., 1989), the structure formed by cooperation 
of these two regions is presumed to be a coiled coil. Di- 
merization between various eukaryotic transcription fac- 
tors such as fos and iun has been shown to occur through 
such a structure and results in the formation of a DNA 
binding domain (O’Shea et al., 1989b). In addition, 14 of 
the 15 residues that form the inner hydrophobic core of the 
predicted rP intramolecular leucine zipper are among 
the minority of amino acids that predominate in hydropho- 
bic cores (Bowie et al., 1990). These regions also resem- 
ble dimerization motifs of the helix-loop-helix class of eu- 
karyotic regulatory proteins, but 0% does not dimerize 
either alone or in the presence of core RNA polymerase 
(Hunt and Magasanik, 1985). Thus, we propose that the 
two 0% regions dimerize to form an intramolecular ieu- 
tine zipper that is positioned just adjacent to the region 
of DNA to be melted. This positioning is required for the 
DNA melting that accompanies activation. 

This intramolecular leucine zipper positioning domain 
has other features that are reminiscent of activation 
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regions in eukaryotic transcription factors. Each region is 
predicted to form a strongly amphipathic helix (Giniger 
and Ptashne, 1Sgl t-lope et al., 1966) the polar surfaces 
of which present residues whose abundance marks many 
mammalian activation domains (see Figure 6). Specifi- 
cally, the region I helix has a polar surface that contains 
7 glutamines out of 12 residues (see Courey et al., 1969). 
The region Ill helix has an outer surface that contains 6 
acidic residues out of 15 (see above references). Thus, the 
leucine zipper positioning domain presents two potential 
activating surfaces when associated with the closed com- 
plex that is awaiting activation. The roles of these two sur- 
faces are not yet known. Since the residues are inter- 
digitated with the critical hydrophobic residues and are 
numerous, extensive mutagenesis will be required to 
learn their function. 

In strong contrast, deletion of region II acidic residues 
interferes with DNA melting without disturbing the ability 
of 054 to form closed complexes that recognize both the 
-24 and -12 regions of the promoter. Thus, the acid 
residues can be considered to constitute a DNA melting 
domain. A possible model for how the melting occurs is 
discussed below. 

Domain Organization In Comparision with ~9 
and Eukeryotic Promoters 
Both o54 and the major o factor oM (Gardella et al., 1969; 
Siegele et al., 1969) are similar in that they contain two 
separate regions that are required for recognition of two 
distinct promoter elements. For both proteins, one of the 
two regions has an HTH motif and helps binding to the 
DNA element farthest from the transcriptional start site, 
while the other does not have an HTH motif and contacts 
the closer element. However, the sequences recognized 
by these domains and the domains themselves are quite 
different (Reitzer and Magasanik, 1966; Gardella et al., 
1969; Siegele et al., 1969). 054 of course differs in that it 
has several functional domains resembling those of eu- 
karyotic transcription factors. These domains probably ex- 
plain why @-dependent E. coli promoters can respond 
to remote activation as do eukaryotic promoters (Reitzer 
and Magasanik, 1966; Gralla, 1969a). 

The E. coli glnAp2 transcription complex is very simple 
and can be reconstituted using only 054, phosphorylated 
enhancer NRr, and the simple core pofymerase. This is in 
obvious contrast to the eukaryotic complexes where many 
different factors participate in transcriptional activation 
(Nakajima et al., 1966; Buratowski et al., 1969). Neverthe- 
less, the glnAp2 and the eukaryotic complexes have cer- 
tain domains in common. These transcriptional domains 
are normally found on separate factors in eukaryotes but 
are delivered by a single protein, 054, in the bacterial 
complex. The difference in arrangement between these 
two systems may be due to the fact that the more complex 
eukaryotic machinery requires that many of these do- 
mains be donated by separate proteins to increase the 
diversity of transcriptional regulation. 

Thus far, cP promoters are the only E. coli promoters 
known that allow activation from distant enhancer sites 
(Reitzer and Magasanik, 1966; Birkmann and Wck, 1969; 
Gralla, iS69a). glnAp2 also differs from typical E. coli 
promoters in that fully stable closed transcription com- 
plexes form. In contrast, most E. coli promoters are char- 
acterized by unstable closed complexes that occur only as 
transient intermediates (Gralla, 1969b). The preassembly 
of a stable but inactive partial transcription complex su- 
perficially resembles proximal assemblies at eukaryotic 
promotors (see Nakajima et al., 1966) and allows the g/nA 
system to mediate separately the processes of promoter 
recognition and activation. 

It may be that it is this unusual ability to uncouple stable 
promoter recognition from promoter activation that allows 
05~ promoters, but not 070 promoters, to be strongly acti- 
vated from distant sites. Long-range assistance in pro- 
moter recognition of the type required by cPJ would re- 
quire tight activator-RNA polymerase interactions, which 
could be difficult to break during transcription initiation 
and could tie up free RNA polymerase in undesirable 
complexes. This would be especially deleterious in a bac- 
terium that must respond flexibly to changes in the exter- 
nal environment. For the us eukaryotic-type mechanism, 
the distantly bound proteins need only touch the polymer- 
ase transiently in its prebound form to trigger it to melt 
the DNA. 

Figure 7. Cartoon of the oM Polymerase in a 
Closed Promoter Complex with the glnAp2 Pro- 
moter, Where the Core RNA Polymerase Is In- 
visible 
This diagram illustrates the positioning of the 
HTH, which is essential for promoter recog- 
nition and closed complex formation, over the 
-24 region of the DNA and the cooperation of 
the two hydrophobic heptad repeats (labeled 
zipper I and Ill to correspond to the regions in 
which they are located) in forming a leucine 
zipper structure that contacts the -12 region. 
The positioning of surrounding regions of the 

protein is as preditied based on this parallel coiled-coil leucine zipper structure. For instance, the acidic domain, composed of the activating sut‘fa~ 
along the region Ill zipper half, the trimer repeats within region II, and the remaining acidic portion of region II, are predicted to lie within reach 
of the region of DNA to be melted upon open complex formation. The relative degree of negative charge wWin each subregion of the acidic domain 
is roughly proportional to the number of negative signs (-) shown. As illustrated in Figure 5, the glutamine-rich secfuence is found on the region 
I zipper half. 
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Figure 8. Sequence of the E. coli aM Gene 

ttgcagttgtcgacgctggaacttcagcaggagctacagcaggcgctggagagt8atccgctgcttgagca8atc 150 
L Q L STL E L Q Q E L Q Q A L E 5 N P L L E Q 150 

gacactcatgragaaatcgacacccgcgaaacgca8gacagtg8aacgctggac8ccgccgacgcgctcga8caa 225 
D T HE E I D T R E T Q D S ET L DT A DA L E Q 75 

aaagagatgccgga8gagctgccgctcgatgccagttgggacaccatttacaccgctggtacaccatcggc8cca 300 
K E I4 P E E L P L DA S U D TIY T A G T P S A PlOO 

gcggtgacttacattgacgacgagctgccggtctaccagggcgaaacgacgcagaccttgcaggattacctg8tg 375 
A V 7 Y 1 DDE L P V Y Q G ETT Q T L Q D Y L Ml25 

tggcaggttgagctgacaccgttttccgacactgaccgcgctattgctacctctatcgtcgatgccgttgatgaa 450 
U Q V E L T P F 5 DT D R A I AT 5 14 DA V D El50 

accggttatctgactgtcccgctggaagatattctcga8agtataggcgatg8agagatcgacatcgacg~agtt 525 
T G Y L T V P L E D I L E S IG DE El010 E V175 

gaagccgtccttaagcggatccaacggtttgatccggtcggtgtggcggcaaaagatctgcgtgactgtctgctg 600 
E A V L K R I Q  R F D P V G V AA KD L R D C L L 200 

atccaactctcccrattcgataagaccacgccgtggctggaagaggccagactgatcattagcgatcatctcgat 675 
I Q  L S Q F D K T T P U L D D A R LII 5 D H L D 225 

ctgttagccaatcacgacttccgcactttaatgcgcgtcacgcgtctgaaagaagatgtgctgaaagaagccgtc 750 
L LAN H D F RT L H R V T R L K ED V L K E A V 250 

aatctgatccrgtcgctcgatccgcgccccgggcagtcgatccagactggcgaacctgagtatgtcattccagat 625 
N LIQ S L D P R P G Q S I Q  T G E P E Y V I P D 275 

gtgctggtgcgtaagcataacggtcactggacggtagaactcaacagtgacagcattccgcgtctgcaaatcaac 900 
V L V R K Ii N  G H WT V E L N SDS I P R L Q I N 300 

cagcactacgcctcgatgtgcaataacgcgcgcaacgatggtgacagccagtttatccgcagcaatctgcaggat 975 
Q H Y A SM C N N A R N D G D S Q F I R S N L Q D 325 

gccaaatggttgatcaagagtctggaa8gccgta8cgatacactactgcgcgtgagtcgctgtatcgttgaacag 1050 
A KU L I KS L E S R N D T L L R V S R C I V E Q 350 

cagcngccttctttgagcaaggtgaagaatatatgaaaccgatggtactggccgatatcgcccaggctgtcgaa 1125 
Q Q A F F E Q G E E Y M  K PM V LAD I A Q A V E 375 

atgcatgaatcgacgatatctcgcgtgaccrcgcaaaaatacctgcatagtccacgaggcatttttgaactgaag 1200 
M  H E S 7 M  5 RV T T Q K Y L H 5 P R G I F E L K400 

tatttcttttccrgtcacgtcaataccgagggcggcggcgaagcttcctccacggcgattcgtgcgctggtgaag 1275 
Y F F S 5 H V NT E G G G E A S ST A I R A L V K 425 

aaattaatcgcggcggaaaacccagcgaaaccgttgagcgacagcaagttaacctctttgctgtcggaacaaggt 1350 
K L I AA E N PAK P L 5 D RK L T 5 L L S E Q G 450 

atcatggtggc8cgccgcactgttgcgaagtaccgagagtctttatccattccgccgtcaaaccagcgtaaacaa 1425 
I M  V A R R T V AK Y R E S L S I P P S N Q RK Q 475 

ctcgtttga 1434 
L V STOP 477 

How Does Melting Occur? 
The key activation event is DNA melting within a closed 
complex. Closed complex formation requires the C-ter- 
minus of the protein containing an HTH domain (see the 
model in Figure 7). Within this closed complex, the in- 
tramolecular leucine zipper forms an essential positioning 
domain near the DNA region that will be melted upon acti- 
vation. This constrains the essential acid domain, which 
connects the two halves of the leucine zipper, to be near 
the region of DNA that will be melted. The melting only oc- 
curs in response to an unknown signal from the phos- 
phorylated NRI activator when it binds to its upstream 
sites. Since the acid domain is required for DNA melting 
but not promoter recognition, it must respond to this signal 
by helping to melt the DNA region over which it is posi- 
tioned. 

The data do not, however, indicate whether the acidic re- 
gion melts the DNA directly, as implied in this model, or 
is simply part of the internal signal transduction pathway 
that leads to DNA melting. If the acid region acted in- 

directly by binding to NRr one might expect a strong ba- 
sic region on that protein; however, none is present. Direct 
melting in response to an NR,-tr iggered conformational 
change would bring the negatively charged acid region 
nearer to the DNA region to be melted. There it could strip 
shielding cations and combine with the two negatively 
charged DNA strands to form an unstable pocket of very 
high negative charge density. One way to relieve this un- 
favorable electrostatic repulsion would be for the DNA 
strands to separate, with the template strand being trans- 
ferred to its required receptor site within the catalytic do- 
main on core polymerase. In this hypothetical model the 
acid domain acts as an electrostatic melter of the pro- 
moter. 

ExperImental Procedums 

Stmlns and hterlalr 
TheplasmidpTH7(Figure l)w88kindlyprovided by Dr. Boris Magasa- 
nik.ltcontainsthe E.ooli @gene cloned behlnd the tecpromoteron 
a pBR322 derivative (Hunt and Magasanlk, 1965). The background 

Warwick
Highlight

Warwick
Highlight

Warwick
Highlight



;$yotic-Type Functional Domains in E. coli (1% 

strain, SDKTI @a/E, A(lac,pro), fis::TnC, rpoN:hlO/ F’, P,/aczu1fB. 
prd8), was prepared by transducing RJl61 (F-, ge/E, A(lac,pro); 
kindly provtded by Dr. Reid Johnson) with Pl lysate from CSH26, 
f/s::5h5 (kindly provided by Catherine Ball). The resulting strain was 
then transduced with PI lysate from YMCl8 (t/V, endA, hsc AlacU169, 
rpoN::TnlO), a strain kindly provided by Dr. Boris Magasanik. The new 
strain was then mated with RJl84 (CSH26, m&56/P P, lacZU118, 
pror\6; kindly provided by Dr. Reid Johnson), to obtain SDKTI carrying 
the P gene on an episome and a transposon inserted into the chm- 
moeomal 0% gene. In addition to SDKTI. the strain SDlGf (JM105, 
rpohl::IhlO) was created by transduction of JM105 with the lysate de- 
scribed above. Both of these strains contain an episome with the /a# 
gene and a TntO transposon that interrupts the aM gene and were 
therefore used interchangeably for the mutant screening and footprint- 
ing analyses. 

All primers used for sequencing were synthesized at the UCLA Syn- 
thesizer Faclllty. Klenow fragment of DNA polymerase I was obtained 
from Bethesda Research Laboratories, Taq potymeraee was obtained 
from New England Biolabs, and nucleaee Bal31 was obtained from US 
Biochemicals. The Amersham in vitro mutagenesis kit, version 2.0 
(code RPN.1523) was used for the acid deletion experiment. 

Bequenolng 
The oM gene carried on the pTH7 plasmid and the pTH7 deletion plas- 
mids were sequenced by double-stranded alkaline denaturation (Hal- 
tiner et al., 1985) using YP 5’end-labeled primers, with modifications 
as described previously (Borowiec et al., 1987). The primers used for 
sequencing the deletion plasmids were the same used to sequence 
the gene. Both DNA strands were sequenced. The mutant plasmids 
were purified according to the method of Holmes and Quigley (1981) 
or that of Morelle (1989) for restriction analysis and sequencing. The 
sequence of the oM gene is shown in Figure 8. 

Deletbn Yutegeneels 
Deletions were made at various positions within the rpoN gene either 
by use of the Amersham in vitro mutagenesis kit (see “Strains and 
Materials”) or by cutting at the desired unique restriction site within 
pTH7 and chewing back both ends of the double-stranded DNA with 
nuclease Bal31 (Maniatis et al., 1988). In the latter procedure, 10 pg 
of pTH7 plasmid DNA was digested to completion with the desired re 
striction enzyme. The DNA was then extracted and precipitated. 
Nuclease Bat31 (1.5-5.0 U) was used to treat the digested DNA for 
1.5-10 min. The DNA was again extracted, precipitated, and end-filled 
with Klenow fragment (Maniatis et al., 1988). Approximately 0.1 trg of 
linear plasmid DNA carrying the collection of deletions was blunt-end 
ligated and transformed into the strain SDKTI or SD16T Colonies 
(48-123) were then screened for growth on W-GM, W-Gin containing 
IPTG, and W-Arg plates supplemented with kanamycin (40 &ml), 
tetracycline (5 &ml), and ampicillin (100 &ml). In preparing these 
plates, W-salts media (a minimal medium lacking nitrogen) were pre- 
pared asdescribed previously (Smith et al., 197t; Reitzer and Magasa- 
nik, 19&j) and supplemented with the appropriate antibiotics and ei- 
ther glutamine (0.2%) or arginine (0.01 mg/ml). IPTG was then added 
to a final concentration of 0.5 mM when desired. The screening tech- 
nique was the same regardless of the mutagenesis procedure used. 

In VW0 Footprtnting 
Cells (SDKTI or SD16T) carrying the desired oM deletion plasmid 
were grown overnight in the activating media GN-Gln (Smith et al., 
197t; Reitzer and Magasenik. 1985) in the presence of ampicillin (100 
&ml) and diluted 1:lOO the next morning into 25 ml of the same me- 
dia. When the cells reached 035-05 ODm. 25 ut of 0.5 M lPlG was 
added to induce expression of the rpoN gene from the pTH7 plasmid. 
At -0.7-0.8 ODsso, the cells were split into two 10 ml samples. One of 
these was treated with 50 pl of 40 ma/ml rifampicin (dissolved in meth- 
anol) for 5 min, followed by 270 ul of 0.37 M KMn04 for 2 min. The 
other was treated with 2.83 ul of 10.6 M DMS for 5 min. The cells were 
then immediately spun down and the chmmosomal DNA was isolated 
according to the procedure of Owen and Barman (1987) with the fol- 
lowing modiicatlons. Following the addition of proteinase K, the sam- 
ples were incubated overnight at 37-5X rather than for 30 min at 
3pc. In addition, following the initial extractton with chlomform. the 
DNA was extracted a second time with chloroform, once with phenol, 

and finally, once again with chloroform:isoamyl alcohol. Following 
precipitation, the DMS samples were cleared with plperidine as de 
scribed prevtousty (Bomwiec et at., 1987) and purified through a 1 ml 
G 50-80 Sephadex spin column in water In contrast, the KMnQ- 
treated samples were resuspended in 300 pl of water, and 200 ul of 
this was passed through the same type of column for use in primer ex- 
tension analysis. 

Primer Extenrlon Analyelo 
In vivo sample (35 ul) or ~0.1-03 ug of DNA modified in vitro, as de- 
scribed previously (Gralla, 1985; Borowiec et al., 1987) was analyzed 
by a modification of the PCR (Mullis and Faloona, 1987). Briefly, 495 
pl of water, 10 ul of 10x Taq polymemse buffer (166 mM [NH&SO.,, 
0.67 M Tris [pH 8.81, 67 mM Mg&, 100 mM 8-mercaptoethanol, 1 
mg/ml bovine serum albumin), 4 pl of 5 mM dNTP mix, 1 ut of =P 
B’end-labeled g/n0 primer (Keener and Kustu, 1986) (500 x 105 cpml 
pl). 35 ul of DNA solution and 0.5 pl(25 U/ul) of Taq polymerase were 
mixed together and covered with 100 pl of mineral oil. These samples 
were then denatured at 94OC for 1.5 min, hybridized 2’at 5X, and ex- 
tended 3’at Mot. This cycle was mpeated an additional 12-18 times 
except that the length of the denaturation was reduced to 1 min and 
the final cycle was extended for 10 min rather than 3 min. The samples 
were then removed from the mineral oil, extracted with chlomform:iso- 
amyl alcohol, and precipitated with one-third volume of 4 M NH@Ac/ 
20 mM EDTA. The samples were then electmphoresed on a 6% dena- 
turing polyacrylamide gel and an autoradiograph of the gel was ob- 
tained overnight. 
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